The aim of this study was to elucidate the brain processes preceding penile responses. Electroencephalographic (EEG) potentials and penile circumference were recorded simultaneously while male subjects were exposed to visual sexual stimuli (VSS). The trials were sorted by the penile response of the subjects (erection, maintenance or detumescence). The corresponding EEG recordings were then subjected to independent component analysis. We found that 200 ms after VSS onset brain potentials differ according to the genital response to follow. Whereas early posterior negativity (EPN) was predominantly related to erection and maintenance, P3-like activity was found to precede detumescence. EPN indicates a more 'emotional' processing state of the brain, whereas P3-like activity related to detumescence indicates a more 'cognitive' processing state. The latter is assumed to reflect activity of the locus coeruleus-norepinephrine system. Further research should evaluate the contribution of P3-related brain activity to psychogenic erectile dysfunction.
Introduction
The neural system involved in penile erection can be divided into a spinal and supraspinal network. 1 Spinal neurons controlling erection are activated by information from peripheral and supraspinal origins. Both peripheral and supraspinal inputs are capable of eliciting an erection or modulating or inhibiting an ongoing erection. 2 The peripheral and spinal pathways involved in the control of penile erection are well understood. 2 Recently, with the advent of neuroimaging techniques, activity in several cortical and subcortical brain areas was found to be correlated with penile response. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Furthermore, different stages of penile erection have been successfully associated with different brain areas: Ferretti et al. 4 found sustained erection to be correlated with increased activity in the insula, secondary somatosensory cortex, anterior cingulate and the amygdala. Erection onset was also accompanied by elevated activity in the hypothalamus. Most recently it has been found that the degree of penile erection is predicted by activity in the inferior frontal gyrus. 9 Recently, based on neuroimaging studies, a model of sexual stimulus processing has been proposed to delineate the contribution of various brain areas to sexual arousal and genital response. 13 However, because of the limited temporal resolution of neuroimaging techniques, these studies provide limited information regarding the temporal sequence of the various processing steps leading to penile response. In light of contemporary emotion theories and sexual theories, [14] [15] [16] it is most likely that sexual stimuli leading to penile responses are processed within fractions of a second.
In contrast to neuroimaging, electroencephalographic (EEG) measurement is capable of segregating cerebral processing steps with outstanding temporal resolution. EEG studies have demonstrated that pictures of high emotional significance are processed within fractions of a second. Junghöfer et al. 17 found early negative brain potentials (about 250 ms after stimulus onset) related to emotionally arousing pictures at temporooccipital sensor sites. The authors referred to these potentials as early posterior negativity (EPN). Similarly, slow brain waves (from 300 ms up to 6 s after stimulus onset) were found to be related to emotional picture processing. potentials preceding voluntary motor actions (the so-called readiness potentials). 19 Accordingly, we were interested to know if EEG recordings are capable of detecting brain potentials related to the preparation and control of penile responses triggered by visual sexual stimuli (VSS). To this end, we carried out an experiment in which we simultaneously recorded scalp potentials and penile responses. We hypothesized that penile responses are preceded by EPN-like potentials and accompanied by slow brain waves.
The recorded EEG data were analyzed by means of independent component analysis (ICA) to improve the signal-to-noise ratio of the data. Conventional EEG data analysis averages recorded scalp potentials relative to the onset of an experimental event (for example, time-locked to stimulus onset). Averaging uncovers event-related potentials (ERPs) within 'noisy' EEG data. Although ERPs arise from synchronous activity of cortical pyramidal cells, they are believed to be the sum of various cortical source signals generated within all cortical domains (farfield potentials). 20 In other words, if an EEG recoding is carried out using a single scalp electrode, averaging of various trials results in an ERP that can be interpreted as a mixture of signals arising from various brain sites.
Independent component analysis techniques have been successfully applied in ERP processing for unmixing or decomposing recorded potentials into a sum of temporally independent and spatially fixed components (that is, independent components, ICs). 21 As these ICs are believed to be related more closely to the underlying cognitive processing, they are expected to be even less 'noisy' than ERPs. Accordingly, ICA was found to be effective in detecting and localizing subtle signal sources of cognitive processing. 20,22 -26 
Materials and methods

Subjects
Twenty heterosexual men (mean age 25.9, s.d. 5.2 years) participated in the study. All participants gave their written informed consent before the participation in the experiment. Subjects were prescreened by means of an inventory to verify that they were right-handed, 27 and not mentally distressed. 28 In a structured interview, we verified that participants were heterosexual (that is, Kinsey rating of fantasy and behavior of 0 and 1), 29 and had no history of substance abuse, sexual dysfunction, gender identity disorder, paraphilia or sexual offences. The study was approved by the local ethics committee. Subjects were solicited through advertisements on campus asking for participation in a study on central nervous processing of sexual stimuli.
Setting and apparatus
Penile response was assessed with a mercury-inrubber strain gauge. Changes in the conductance of the mercury reflect changes in penile circumference. These changes in circumference are considered to be specifically sexual, in contrast to psychophysiological responses like skin conductance and heart rate. 30 The strain gauge was disinfected in 0.55% orthophthalaldehyde high-level disinfectant solution (Cidex OPA, Johnson & Johnson, Gargrave, North Yorkshire, UK) between uses. The EEG was recorded from eight sites according to the international 10-20 system. Ag/AgCl electrodes were placed at Fz, Cz, Pz, O1, O2, P4, T7, T8 and linked mastoids. Vertical and horizontal eye movements were recorded using Ag/AgCl electrodes at the same frequency range as the EEG.
The stimulus presentation and physiological data acquisition were controlled using a Contact Precision Instruments (London, UK) unit connected to a Windows PC. The phallometric and EEG signals were digitized with a 200 Hz sampling frequency and band-pass filtered (0.03-40 Hz). Stimuli were presented on a 17-inch TFT monitor (60 Hz). Viewing distance was approximately 200 cm.
Procedure and stimuli
Subjects were assessed individually. Following a general introduction and completion of the interview, subjects were seated in a comfortable recliner in a semi-lit room. After placement of the EEG electrodes subjects were instructed in how to use the strain gauge. To ensure maximum privacy, subjects placed the strain gauge on the base of their penis themselves. Thereafter the investigator left the room. Data acquisition and stimulus presentation were controlled from an adjoining room. Subjects were told to watch the pictures attentively.
During the experimental session, subjects viewed 20 sexual photographs of women showing details of the vulva (labia and clitoris, sometimes moist). Each picture was presented for 30 s. To avoid timedependent attentional effects we used a variable interstimulus interval of mean ¼ 30 s (s.d. 5.8).
Data reduction and analysis
Three subjects were excluded from analysis because of computer failure and artifact accumulation. Artifacts (for example, electrode pop, but not eye moments) were eliminated manually. Trials were manually categorized with respect to the phallometric response. In each trial the last 5 s before stimulus onset was treated as the prestimulus baseline. Trials with a substantial increase in circumference after stimulus onset (relative to prestimulus baseline) were categorized as erection.
Brain potentials related to penile erection J Ponseti et al However, this does not imply that the subjects experienced full erections in these trials. A substantial decrease in circumference was categorized as detumescence, whereas trials with obviously unaffected circumference were referred to as maintenance. Ambiguous trials (for example, undulated or U-shaped) were not categorized and excluded from further analysis. Out of the 340 trials (17 subjects Â 20 stimuli), 222 trials (erection, n ¼ 93; maintenance, n ¼ 73; detumescence, n ¼ 56) remained after manual selection.
Subsequently, the EEG data of the categorized trials were subjected to ICA to identify ERP components related to erection, maintenance and detumescence. Artifact selection and ICA were carried out by means of the EEGLAB toolbox (6.01b) 31 running under Matlab (R14; The MathWorks Inc., Natick, MA, USA, 2005). ICA yielded eight (independent) data channels of component activity according to the eight EEG channels subjected to ICA. Note: each of these independent data channels is hypothesized to correspond to the Figure 1 Illustration of the main data analysis steps. For simplification the analysis of only one electroencephalographic (EEG) channel is shown. Data were sorted by response type and subjected to independent component analysis (ICA), which transformed EEG channel data into weighted activity of one component, taking into account the variance of the other EEG channel data (not shown in the figure). Component activity was then segmented by averaging small time epochs within each trial. After this, each trial was represented by 12 mean values. Finally analysis of variance (ANOVA) compared the mean values of the same time epochs between the three response types (across all trials of all subjects). Averaging and ANOVAs were performed separately for each component. Traditional event-related potential (ERP) analysis is identical to these processing steps except for the ICA step (gray box).
Brain potentials related to penile erection J Ponseti et al activity of one cortical source. Data of the component activity can be analyzed in the same manner (that is, by the same statistical routines) as raw EEG channel activity. In addition, ICA provided a scalp map projection for each of the eight component activities. A scalp map projection is a graphical representation of the relative strength and polarity of the projection of one component source signal to each of the EEG scalp channels. Before the statistical analyses, the activity during each component was averaged over 100 ms time epochs during the first second after picture onset, beginning 100 ms after onset. The following 4 s were averaged using bins of 1 s. In total, component activity of the first 4 s after picture onset was segmented into 12 time epochs, each represented by one mean value. Thereafter, averaged component activity of every time epoch was subjected to repeated-measures analysis of variance (ANOVA) with response type as a within-subject factor. That is, each of the eight component activities was analyzed by means of 12 ANOVAs (8 components Â 12 time epochs ¼ 96 ANOVAs in total). To correct for multiple comparisons, we divided a level 0.05 by the number of comparisons within each component ( ¼ 12) (Bonferroni correction). Accordingly, the significance level was set to (0.05/12) P ¼ 0.004. Results with Po0.05 and P40.004 were referred to as a nonsignificant trend. As ANOVA accepts only equal numbers of trials per condition in each proband, a lot of trials had to be omitted from the analysis (random selection) with 126 trials remaining (42 trials in each of the three response types).
For exploratory purposes we also subjected EEG data to traditional ERP analysis (that is, without running ICA previous to ANOVA). EEG data were averaged in 12 time epochs separately for each EEG channel and subjected to repeated-measures ANO-VA. The key steps of data analysis are illustrated in Figure 1 .
Results
Penile responses started to diverge rather shortly after stimulus onset (about 1-5 s) according to the response types (Figure 2 ). Grand means of ERP channel activity revealed a positive potential peaking around 500 ms after stimulus onset, predominantly in the midline and parietal channels (Fz, Cz, P4) and most prominently in Pz (Figure 3) . However, there were no significant differences between the three response types, as revealed by repeatedmeasures ANOVA.
Grand means of component activities yielded by ICA and the corresponding scalp map projections are plotted in Figure 4 . However, because of the small number of EEG channels used in this experiment, spatial resolution of the scalp map projections remained limited. Consequently, the scalp map projections in Figure 4 provide only a raw orientation about the spatial distribution of positive and negative activities of a given component.
Results of the 96 repeated-measures ANOVAs are given in Table 1 . As indicated by Table 1 , ANOVAs revealed significant differences in component activity across the three response types predominantly in the time epochs between 300 and 900 ms after stimulus onset. Moreover, component 4 appeared to be sensitive to response-related differences in slow brain activity, indicated by a nonsignificant trend (Po0.05) between 900 and 4000 ms after stimulus onset (Table 1) .
A common finding in ICA is that the first component is related to eye movements, therefore the first component usually tends to be big and to not vary systematically across experimental conditions. This was also found in the present analysis. Accordingly, scalp map projections of the first component were similar across the three response types. Visual inspection of the remaining seven components revealed similar component activity in the erection and maintenance condition in components 2-5 (black and dotted lines in Figure 4) , whereas detumescence-related activity remained separated and mostly positive. In component 3 for instance, scalp map projections of the erection and maintenance conditions displayed positive activity in left and right occipital areas, whereas detumescence-related positive activity was in frontal areas. In components 7 and 8 the pattern was different: erection-related activity appeared to be separated from the two other response conditions. Finally, in component 6, negative activities appeared to be segregated equally across the three response conditions. Component 6 appeared to be related to early response segregation, as it was indicated by significant differences just 200 ms after stimulus onset. Brain potentials related to penile erection J Ponseti et al
Discussion
Using simultaneous recordings of EEG activity and penile responses while male subjects were exposed to VSS, we found preliminary evidence of brain potentials preceding and accompanying genital responses. This finding was enabled by the use of ICA, a promising approach for data-driven EEG component identification. In contrast, using the standard ERP averaging technique merely revealed known ERP components (predominantly a P3-like potential at Pz and P4) and failed to differentiate between the corresponding three response types. According to the ICA concept, EEG channel activity is interpreted as a signal mixture of spatially distributed neuronal modules. 23, 32, 33 Following this line of reasoning, the present findings suggest that the cerebral control of the penile response is driven by several spatially distributed modules. ERP averaging likely filtered out spatiotemporal information, which in contrast was uncovered by means of ICA decomposition.
Visual inspection of the ICA-derived components offered meaningful insights into the dynamics of Figure 3 Grand means event-related potentials (ERPs, mV) of the three response conditions: erection, black; maintenance, dotted and detumescence, light gray at eight scalp sites.
Brain potentials related to penile erection J Ponseti et al cerebral preparation for penile responses: 200 ms after VSS onset, a negative brain potential arises according to the 'the strength' of the succeeding penile response (component 6: highest peak in erection-lowest in detumescence). Regarding its timing and polarity, this component resembles EPN. EPN was found to increase in response to highly arousing pictures. 17 EPN is thought to reflect the perceptual encoding of emotional stimuli and the call for processing resources, which are needed for subsequent elaborate attentive processing. 34 According to these findings, we interpret component 6 activity as related to perceptual encoding and resource allocation for subsequent attentive processing, which, in the case of an erection, is enhanced.
Similarities in the time courses of component activities appear in components 3, 4 and 5, with a negative peak in the erection and maintenance conditions. Scalp map projections of component 3 indicate positive potentials in left and right occipital Brain potentials related to penile erection J Ponseti et al areas related to the maintenance and erection conditions. As component 3 activity segregates 100 ms after component 6 positive activity (as indicated in Table 1 ) in occipital areas could reflect enhanced visual processing efforts after preattentive processing. In component 4, there is a nonsignificant trend indicating an ongoing response-related segregation of component activity. This suggests that slow brain activity differs with regard to penile response. The amplitude of slow negative waves has been found to be related to attention allocation 35 and conscious awareness. 36 This could indicate that with increasing amplitude the erectile response comes into awareness.
Components 7 and 8 show a separation of the erection-related component activity relative to maintenance and detumescence indicating brain activity particularly related to erection. For instance component 7 is accompanied by positive potentials in occipitoparietal areas.
In component 2, the detumescence condition is marked by a P3-like potential and a corresponding positive focus on parietal areas. This is of special interest because recent ERP research suggests that P3 reflects 'the phasic enhancement of gain in the cerebral cortex induced by locus coeruleus mediated release of norepinephrine'. 37 This norepinephrine release is thought to be the output of an internal decision-making process. Noradrenergic pathways descending from the locus coeruleus have been found to mediate penile detumescence. [38] [39] [40] We hypothesize that component 2 detumescence-related activity is a reflection of activity in the locus coeruleus-norepinephrine system triggering penile detumescence. The notion that an increased P3 potential is related to penile detumescence is further supported by the observation that P3 potentials were found to be decreased in cases of sexual arousal. 41 Two methodological points should be mentioned: first, the functional interpretations of the components derived by ICA in this study should be taken as hypotheses that require further research rather than as proven evidence. For instance, it was speculated that (the nonsignificant trend of) differences in slow brain activity in component 4 could be related to the conscious awareness of penile responses. Further research could test this hypothesis by asking subjects to rate their perceived genital responses during EEG and phallometric measurements. Second, penile responses were categorized as detumescence, maintenance and erection. In each trial the last 5 s before stimulus onset was treated as prestimulus baseline. One might argue that before a given trial categorized as detumescence some erection must have persisted. Accordingly, the assumption of a baseline measurement before stimulus onset may be misleading. In fact, we feel that something like a real baseline is hard to define, because the actual vascular status of the penile tissue is subject to ongoing modulations. It is therefore easier to categorize the current penile status relative to a previous status in terms of increase (erection), maintenance or decrease (detumescence). The aim of our study was to elucidate the central events related to these ongoing modulations of the penile response.
In summary, by means of ICA-derived components, we were able to provide preliminary evidence that just 200 ms after VSS onset brain potentials differ according to the succeeding genital response. These brain potentials (component 6) are interpreted as a reflection of stimulus encoding and resource allocation. Further ICA-derived components revealed meaningful insights into brain activity related to human penile response. For instance, putative enhanced visual processing [3] [4] [5] [6] . In a figurative sense we can conclude that 'emotion'-related EPN-like brain activity is related to penile increase or maintenance, whereas more 'cognitive'-related P3-like activity is related to detumescence. This raises the question: in the case of erectile dysfunction, does predominance of P3-like activity interfere with 'emotion'-related EPN-like activity resulting in a lowered erectile response? Further research could evaluate P3-like activity by testing if component 2 is increased in cases of hypoactive sexual desire or erectile dysfunction. This could lead to the development of an objective measurement of psychogenic sexual dysfunction. Currently, psychogenic sexual dysfunction is diagnosed indirectly by the exclusion of physical damage, which is a diagnostic algorithm with risks and shortcomings. EEG recordings appear more feasible than functional MRI scans for objective measurement of psychogenic sexual dysfunction for two reasons. First, as shown in this study, EEG recordings are capable of uncovering brain processes related to penile responses at nearly preattentive processing stages due to their high temporal resolution. Second, EEG recordings are much cheaper than functional MRI scans. However, further research should replicate the present study using many more EEG channels to localize the brain sources controlling penile responses by improving the spatial resolution of the EEG data.
